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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) enters human dermal microvascular endothelial cells (HMVEC-d), its natural
in vivo target cells, by lipid raft-dependent macropinocytosis. The internalized viral envelope fuses with the macropinocytic
membrane, and released capsid is transported to the nuclear vicinity, resulting in the nuclear entry of viral DNA. The endosomal
sorting complexes required for transport (ESCRT) proteins, which include ESCRT-0, -I, -II, and -III, play a central role in endo-
somal trafficking and sorting of internalized and ubiquitinated receptors. Here, we examined the role of ESCRT-0 component
Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate) in KSHV entry into HMVEC-d by macropinocytosis. Knock-
down of Hrs by short hairpin RNA (shRNA) transduction resulted in significant decreases in KSHV entry and viral gene expres-
sion. Immunofluorescence analysis (IFA) and plasma membrane isolation and proximity ligation assay (PLA) demonstrated the
translocation of Hrs from the cytosol to the plasma membrane of infected cells and association with �-actinin-4. In addition,
infection induced the plasma membrane translocation and activation of the serine/threonine kinase ROCK1, a downstream tar-
get of the RhoA GTPase. Hrs knockdown reduced these associations, suggesting that the recruitment of ROCK1 is an Hrs-medi-
ated event. Interaction between Hrs and ROCK1 is essential for the ROCK1-induced phosphorylation of NHE1 (Na�/H� ex-
changer 1), which is involved in the regulation of intracellular pH. Thus, our studies demonstrate the plasma membrane
association of ESCRT protein Hrs during macropinocytosis and suggest that KSHV entry requires both Hrs- and ROCK1-depen-
dent mechanisms and that ROCK1-mediated phosphorylation of NHE1 and pH change is an essential event required for the
macropinocytosis of KSHV.

IMPORTANCE

Macropinocytosis is the major entry pathway of KSHV in human dermal microvascular endothelial cells, the natural target cells
of KSHV. Although the role of ESCRT protein Hrs has been extensively studied with respect to endosomal movement and sort-
ing of ubiquitinated proteins into lysosomes, its function in macropinocytosis is not known. In the present study, we demon-
strate for the first time that upon KSHV infection, the endogenous Hrs localizes to the plasma membrane and the membrane-
associated Hrs facilitates assembly of signaling molecules, macropinocytosis, and virus entry. Hrs recruits ROCK1 to the
membrane, which is required for the activation of NHE1 and an increase in submembranous intracellular pH occurring during
macropinocytosis. These studies demonstrate that the localization of Hrs from the cytosol to the plasma membrane is important
for coupling membrane dynamics to the cytosolic signaling events during macropinocytosis of KSHV.

Kaposi’s sarcoma-associated herpesvirus (KSHV) entry into its
in vitro adherent target cells is a multistage process which

involves binding of viral glycoproteins to cell surface heparan sul-
fate receptors followed by interaction with specific entry recep-
tors, induction of cell signaling pathways, and endocytosis. KSHV
exploits multiple host cell surface receptors, including integrins
�3�1, �V�3, �V�5, and �9�1 and nonintegrins CD98/xCT and
EphA2, to enter the adherent target cells such as human dermal
microvascular endothelial cells (HMVEC-d) and human foreskin
fibroblast (HFF) cells (1–6). The interaction of KSHV with its
specific entry receptors leads to the formation of a multimolecular
receptor complex consisting of integrins, xCT, and EphA2 (2, 4,
7). Receptor engagement and multimolecular receptor complex
formation result in autophosphorylation of focal adhesion kinase
(FAK) and activation of Src, phosphatidylinositol 3-kinase (PI3-
K), and Rho GTPases, and all of these molecules are targeted to
specific entry sites on the plasma membrane (8–10). Our previous

studies have demonstrated that the signal transduction pathways
induced by KSHV and the consequent activation of their down-
stream molecules play a central role in coordinating the actin dy-
namics and the membrane protein assembly required for the suc-
cessful entry of the virus into the cytoplasm (8–10). The
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endocytosed viral particles are then transported toward the nu-
clear periphery along the microtubules by utilizing dynein motor
proteins to deliver their DNA content into the nucleus (11).

KSHV utilizes different endocytic pathways to enter different
cell types (12–17). In HFF cells, primary B cells, and 293 cells,
clathrin-dependent endocytosis is the predominant pathway of
entry (12–14), whereas in HMVEC-d, entry occurs by bleb-asso-
ciated macropinocytosis (15, 16, 18). Bleb-associated macropi-
nocytosis begins with a remarkable set of events, including the
formation of blebs, actomyosin contraction, bleb retraction, mac-
ropinosome formation, and eventually virus entry (18). Our stud-
ies have established that the adaptor protein c-Cbl and its interac-
tion with myosin IIA light chain (MLC) play a significant role in
blebbing and that myosin IIA is required for both actomyosin
contraction and retraction of the bleb (18). Our subsequent stud-
ies proved that c-Cbl is also required for both translocation of the
receptors into the lipid raft and ubiquitination of the �3�1 and
�V�3 receptors, which are critical determinants of the macropi-
nocytic entry, trafficking, and productive infection of KSHV (19).

Ubiquitination of receptors and the adaptor proteins such as
c-Cbl serves to facilitate the endocytosis of receptors and their
sorting from membrane to lysosomes and subsequent degrada-
tion (20, 21). In mammalian cells, the endosomal sorting com-
plexes required for transport (ESCRT) proteins help in sorting
ubiquitinated proteins and their delivery into lysosomes. The ES-
CRT machinery consists of a family of four complexes, ESCRT-0,
-I, -II, and -III, which sequentially assemble on the endosomal
membrane. The ESCRT-0 component Hrs (hepatocyte growth
factor [HGF]-regulated tyrosine kinase substrate) acts upstream
from ESCRT complexes and can recruit ESCRT-I to the endo-
somal membranes. This complex subsequently recruits ESCRT-II
and ESCRT-III complexes, two important complexes required for
the sorting of ubiquitinated proteins into late endosomes (22–25).

The Hrs protein contains several domains: an N-terminal VHS
domain (Vps27p, Hrs, STAM), an FYVE domain, an ubiquitin-inter-
acting motif, a proline-rich domain, two coiled-coil domains, and a
C-terminal clathrin binding domain (26). The functional roles of the
different domains of Hrs include protein-protein interaction, cellular
localization, cargo sorting, and endosome motility (24, 25, 27, 28).
Although the function of Hrs in intracellular trafficking and signal
transduction is well established, its role in macropinocytosis re-
mains unclear. In the present study, we provide evidence that Hrs
is recruited to the plasma membrane early during KSHV infec-
tion, which is required for the virus entry by macropinocytosis.
Interestingly, we found that Hrs interacts with the Rho-associated
protein kinase ROCK1, which in turn activates MLC and the in-
tracellular pH-regulating protein NHE1 to promote actomyosin
contraction and intracellular pH changes required for macropi-
nocytosis.

MATERIALS AND METHODS
Cells and virus. Primary human dermal microvascular endothelial cells
(HMVEC-d CC-2543; Clonetics, Walkersville, MD) were grown in EBM2
medium with growth factors (Cambrex, Walkersville, MD). BCBL-1 cell
culture, supernatant collection after tetradecanoyl phorbol acetate (TPA)
induction, and virus purification procedures were performed as described
previously (1). The isolation of KSHV DNA from the virus and the deter-
mination of viral copy numbers by real-time DNA PCR using KSHV
ORF73 gene-specific primers were performed as previously described
(29). All infections were carried out with a multiplicity of infection (MOI)
of 20 DNA copies of KSHV per cell unless stated otherwise.

Antibodies and reagents. Antibodies and reagents used for this study
included the following: anti-ROCK1 rabbit monoclonal antibody, anti-
phospho-MLC rabbit polyclonal antibody, and anti-Na, K-ATPase rabbit
polyclonal antibody (Cell Signaling Technology); anti-Hrs rabbit poly-
clonal antibody (Sigma); anti-NHE1 mouse monoclonal antibody (Santa
Cruz); anticalnexin rabbit monoclonal antibody and mouse antiphos-
phoserine antibody (Abcam); anti-�-actinin-4 rabbit monoclonal anti-
body (Millipore); rabbit anti-gB and mouse anti-gpK8.1A antibodies cre-
ated in B. Chandran’s laboratory (30, 31); anti-rabbit and anti-mouse
antibodies linked to horseradish peroxidase (HRP) (KPL Inc., Gaithers-
burg, Md.); Texas Red-conjugated dextran, Alexa 594-conjugated phal-
loidin, and anti-rabbit and anti-mouse secondary antibodies conjugated
to Alexa 488 or Alexa 594 (Invitrogen); and protein A- and G-Sepharose
CL-4B beads (Amersham Pharmacia Biotech, Piscataway, NJ).

Hrs shRNA knockdown. For short hairpin RNA (shRNA) knock-
down of Hrs, five sets of bacterial glycerol stock Hrs shRNA plasmid
vectors (TRCN00000037894, -37895, -37896, -37897, and -37898) were
purchased from Thermo Scientific. The Hrs shRNA lentiviral plasmids
were purified from the bacterial cultures (Invitrogen), and the lentiviral
particles were produced by transfection with a four-plasmid system, as
previously described (32). Briefly, HEK 293T cells were transiently trans-
fected with shRNA lentiviral constructs and the plasmid packaging system
(Gag-Pol, Rev, and vesicular stomatitis virus G [VSV-G]), and the super-
natants were collected and filtered. The lentiviral particles produced from
each plasmid vector were tested for knockdown efficiency by Western
blotting. We found that TRCN00000037897 and TRCN00000037898 had
the highest knockdown efficiency among the five shRNAs. Therefore, we
used Hrs shRNAs created with these two plasmids (Hrs shRNA1 and Hrs
shRNA2) for the experiments described in this article. We used Hrs
shRNA1 for all experiments except those for Fig. 1A and B, where we used
both Hrs shRNA1 and -2. For a negative control, a nontargeting shRNA
lentiviral pool was used.

Western blotting. Cells lysates were prepared in radioimmunopre-
cipitation assay (RIPA) lysis buffer (15 mM NaCl, 1 mM MgCl2, 1 mM
MnCl2, 2 mM CaCl2, 2 mM phenylmethylsulfonyl fluoride, and protease
inhibitor mixture) (Sigma). The lysates were centrifuged at 12,000 rpm
for 15 min at 4°C, and the protein concentration was measured with
bicinchoninic acid (BCA) reagent. Equal amounts of proteins from each
sample were separated by SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were probed with the indicated primary anti-
bodies and detected by incubation with species-specific HRP-conjugated
secondary antibodies. Immunoreactive protein bands were visualized and
imaged with an enhanced-chemiluminescence HRP substrate kit (Pierce,
Rockford, IL). The bands were scanned, and densitometric quantification
was performed using the FluorChem FC2 and Alpha-Imager systems (Al-
pha Innotech Corporation, San Leonardo, CA).

Immunoprecipitation. Cell lysates were immunoprecipitated for 2 h
with appropriate antibodies, and the immune complexes were captured
by protein A- or G-Sepharose. The immune complexes were then eluted
in sample buffer for SDS-PAGE, run on 10% gels, and transferred to
membranes. The membranes were tested by Western blotting with spe-
cific primary and secondary antibodies.

Immunofluorescence microscopy. Cells grown in 8-well chamber
slides were fixed with 4% paraformaldehyde after infection and permeab-
ilized with 0.2% Triton X-100. The cells were blocked with Image-iT FX
signal enhancer (Invitrogen) for 20 min and then incubated with primary
antibodies against the specific proteins and subsequently stained with
secondary antibodies conjugated to Alexa 488 or 594. The stained cells
were mounted in mounting medium with DAPI (4=,6=-diamidino-2-phe-
nylindole) (Invitrogen) and visualized with a Nikon 80i fluorescence mi-
croscope equipped with Metamorph digital imaging software.

PLA. Proximity ligation assay (PLA) was performed using the Duolink
in situ detection kit (Sigma) as per the manufacturer’s instructions (33,
34). Briefly, uninfected and infected cells were fixed with 4% paraformal-
dehyde solution for 15 min, permeabilized with Triton X-100 for 5 min,
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washed with phosphate-buffered saline (PBS), and incubated for 1 h with
the Duolink blocking buffer. The cells were then incubated with pairs of
primary antibodies in Duolink antibody diluent solution and then labeled
with Duolink PLA Plus and Minus probes for 1 h at 37°C. This was fol-
lowed by hybridization, ligation, amplification, and detection using a red
fluorescent probe. The red fluorescent fluorophore-tagged oligonucleo-
tides were visualized using a Nikon Eclipse 80i microscope equipped with
Metamorph digital imaging software.

Determination of KSHV entry by real-time DNA PCR. Target cells
were infected with KSHV at an MOI of 20 at 37°C for 2 h. After infection,
the cells were washed with Hanks balanced salt solution (HBSS) and
treated with 0.25% trypsin-EDTA for 5 min at 37°C to remove the bound
but noninternalized virus. Total DNA was isolated from the uninfected
and infected cells using a DNeasy kit (Qiagen, Valencia, CA), and real-
time DNA PCR was carried out using primer sets described previously
(29). To calculate the percent inhibition of KSHV entry, internalized
KSHV DNA was quantitated by amplification of the ORF73 gene by real-
time DNA PCR. The KSHV ORF73 gene cloned in the pGEM-T vector
(Promega) was used for the external standard.

Determination of KSHV gene expression by real-time RT-PCR. Iso-
lation of total RNA from cells, reverse transcription, and quantitative PCR
(qPCR) analysis were carried out using primer sets described previously.
Briefly, total RNA was isolated from the lysate using the RNeasy kit (Qia-
gen) and quantified, and the ORF73 expression was detected by real-time
reverse transcription-PCR (RT-PCR) using specific primers and TaqMan

probes (29). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene
expression was used to normalize the expression levels of ORF73.

Isolation of membrane fraction. Subcellular fractionation and cell
membrane preparation were performed as described previously (18, 35).
Briefly, cells were homogenized with a Dounce homogenizer in homoge-
nization buffer (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1 mM
EDTA, 1 mM EGTA, and protease inhibitors). The homogenate was cen-
trifuged at 3,000 rpm for 5 min, and the postnuclear supernatant was
centrifuged at 8,000 rpm for 5 min at 4°C. The supernatant was again
centrifuged at 40,000 rpm for 1 h at 4°C, and the cytosolic (supernatant)
and membrane (pellet) fractions were separated. The membrane fractions
were lysed in radioimmunoprecipitation assay (RIPA) buffer and used for
Western blotting.

Analysis of dextran uptake. For the dextran uptake study, HMVEC-d
were incubated with Texas Red-labeled dextran (40 kDa, 0.5 mg/ml; In-
vitrogen) and KSHV for 30 min. The cells were then washed twice in
HBSS, fixed with 4% paraformaldehyde for 15 min, and washed three
times with PBS. Internalized dextran was observed under an immunoflu-
orescence microscope.

To perform quantitative analysis of dextran uptake, the dextran-pos-
itive cells were counted under the immunofluorescence microscope. At
least 10 different microscopic fields of 25 to 30 cells each were counted for
each experiment and the results displayed as percentage of dextran-posi-
tive cells.

FIG 1 Effect of Hrs knockdown on KSHV entry and gene expression. (A) HMVEC-d transduced with control lentiviral shRNA or with two different lentiviral
Hrs shRNAs (Hrs shRNA1 and -2) were cultured for 48 h, and the cell lysates were immunoblotted with anti-Hrs or anti-�-actin antibodies. (B) Control and Hrs
shRNA-transduced HMVEC-d were infected with KSHV at an MOI of 20 of for 2 h, DNA was isolated, and the entry of KSHV was determined by real-time DNA
PCR for the ORF73 gene. KSHV preincubated with heparin (100 �g/ml) for 1 h at 37°C before addition to the cells was used as control. (C) Control and Hrs
shRNA-transduced HMVEC-d were infected with KSHV at an MOI of 20 for 24 h, total RNA was isolated, and viral gene expression was determined by real-time
RT-PCR with KSHV ORF73 gene-specific primers and TaqMan probes. The gene expression was normalized to the expression of GAPDH. In panels B and C, data
are presented as mean � standard deviation (SD) for three independent experiments. Percent inhibition of KSHV entry was calculated as the percentage of entry
with respect to the control shRNA groups. (D) Effect of Hrs knockdown on dextran uptake. Control and Hrs shRNA-transduced HMVEC-d were incubated with
Texas Red-dextran in the presence or absence of KSHV (MOI of 20) for 30 min, fixed, and analyzed by immunofluorescence. DAPI was used for nuclear staining.
Magnification, �20. (E) Entry of KSHV in Hrs knockdown HFF cells. HFF cells were left untransduced or transduced with control or lentiviral Hrs shRNA for
48 h. The cells were then infected with KSHV at an MOI of 20 for 2 h, DNA was isolated, and the entry of KSHV was determined by real-time DNA PCR for the
ORF73 gene. Data represent the mean � SD. Percent inhibition of entry was calculated compared to untransduced cells.
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Intracellular pH measurement. An equal number of cells in 96-well
plates were loaded with BCECF-AM [bis-(2-carboxy-ethyl)-5-(and-6)-
carboxyfluorescein, acetoxy-methyl) (10 �M) in HBSS for 30 min. The
cells were washed with HBSS to remove the free dye and then infected with
KSHV for 2, 5, and 10 min at 37°C. Immediately after infection, BCECF
fluorescence was excited with a 485/20 filter, and the emission was mea-
sured with a 528/20 filter on a BioTek Synergy2 HT microplate reader. The
average readings for each time point were calculated and the changes in
pH expressed as relative fluorescent units.

Statistical analyses. Statistical significance was calculated using a two-
tailed Student t test. A P value of �0.05 was considered significant.

RESULTS
Hrs knockdown inhibits KSHV entry and gene expression in
HMVEC-d. To explore the role of Hrs in KSHV infection, we
performed Hrs knockdown in HMVEC-d using two different len-
tiviral Hrs shRNAs (Hrs shRNA1 and -2). HMVEC-d were trans-
duced with control and Hrs shRNAs, and the efficiency of knock-
down was determined 48 h after transduction by Western blotting
with anti-Hrs antibody. As shown in Fig. 1A, both the Hrs
shRNA1 and Hrs shRNA2 completely knocked down endogenous
Hrs expression. To address whether Hrs inhibition affects the en-
try of KSHV, control and Hrs shRNA-transduced HMVEC-d
were infected with KSHV for 2 h, DNA was isolated, and the in-
ternalized viral DNA copy numbers were determined by measur-
ing viral ORF73 DNA copy numbers by real-time DNA PCR.
Compared to that in the control shRNA-transduced cells (copy
number, 18,009 � 938), the entry of KSHV was significantly re-
duced (�65 to 70%) in both Hrs shRNA1 (4,427 � 49) and Hrs
shRNA2 (5,330 � 214) knockdown cells. Heparin-treated virus,
which cannot bind and enter the cells, was used as a control (Fig.
1B). We next investigated whether Hrs knockdown also results in
decreased viral gene expression. Control and Hrs shRNA-trans-
duced HMVEC-d were infected with KSHV for 24 h, and viral
gene expression of the latency-associated ORF73 gene was deter-
mined by real-time RT-PCR analysis. Similar to the entry results,
the expression of the ORF73 gene in both Hrs shRNA1 (copy
number, 7,742 � 2,180)- and shRNA2 (8,364 � 963)-transduced
cells was reduced compared to that in control cells (41,135 � 680).
Hrs shRNA-transduced cells showed 70 to 80% inhibition of
ORF73 gene expression (Fig. 1C), suggesting that the decreased
viral entry results in decreased gene expression in Hrs knockdown
cells.

Since macropinocytosis is the major pathway of KSHV entry
leading to a productive infection in HMVEC-d (16, 18), we asked
whether the decreased entry in Hrs shRNA-transduced cells is
correlated with macropinocytosis. The macropinocytosis of
KSHV in the control and Hrs shRNA-transduced cells was as-
sessed by incubating the cells with the macropinocytosis marker
dextran (Texas Red labeled) in the presence or absence of virus for
30 min. Compared to that in the uninfected cells, KSHV infection
resulted in a considerable increase in dextran uptake in the control
shRNA-transduced cells (Fig. 1D, upper and middle panels).
However, Hrs shRNA-transduced cells incubated with dextran
and KSHV showed a substantial decrease in dextran uptake com-
pared to the control shRNA-transduced cells (Fig. 1D, middle and
lower panels). Quantitative analysis performed by counting the
number of dextran-positive cells in the control and Hrs shRNA-
transduced cells confirmed the decreased dextran uptake in Hrs
shRNA-transduced cells (Fig. 1E). This result suggested that Hrs

plays a role in macropinocytosis-mediated entry of KSHV into
endothelial cells.

In addition to macropinocytic mode of entry in endothelial
cells, KSHV is known to enter by clathrin-mediated endocytosis in
other target cells, such as HFF, HEK293, and B cells. To assess
whether Hrs is involved in clathrin-mediated endocytosis of
KSHV, we examined the effect of Hrs knockdown on the entry of
KSHV in HFF cells (Fig. 1.F). HFF cells transduced with control or
lentiviral Hrs shRNA were infected with KSHV for 2 h, and the
entry of KSHV was determined by measuring viral ORF73 DNA
copy numbers by real-time DNA PCR. Interestingly, real-time
PCR analysis demonstrated that Hrs knockdown had no signifi-
cant effect on the entry of virus in HFF cells (Fig. 1F). These results
suggest that Hrs plays a specific role in regulating macropinocy-
tosis-mediated entry of KSHV but not in clathrin-mediated entry.

Hrs localizes to the plasma membrane of KSHV-infected
cells. To ascertain the mechanism of Hrs function in the entry
process of KSHV, we next analyzed the cellular localization of
endogenous Hrs protein in the infected cells by immunofluores-
cent labeling. HMVEC-d were infected with KSHV for 5, 10, and
30 min and then stained for the KSHV envelope glycoprotein gB
and host Hrs protein. As shown in Fig. 2A, Hrs was distributed
throughout the cytoplasm in the uninfected cells. In contrast, at 5
and 10 min post-KSHV infection, Hrs localized predominantly in
the plasma membranes (Fig. 2A, arrowheads), and the KSHV gB
staining (Fig. 2A, block arrows) was also observed in similar re-
gions of the infected cell membrane. After 10 and 30 min of infec-
tion, in addition to membrane staining, we observed cytoplasmic
staining as well as colocalization of Hrs with KSHV-gB in the
infected cells (Fig. 2A, yellow spots).

To confirm the membrane localization of Hrs in the infected
cells, plasma membranes were isolated from uninfected and in-
fected cells and tested for the presence of Hrs using a specific
anti-Hrs antibody. As shown in Fig. 2B, top panel, lanes 1 to 5,
detection of Hrs in the plasma membrane fractions confirmed the
membrane localization with a pattern similar to that of the immu-
nofluorescence results in Fig. 2A. However, in the cells infected
with heparin-treated KSHV, which cannot bind and enter the cells
(36), we did not observe the induction of membrane translocation
(Fig. 2B, lane 6). This indicates that KSHV binding and interac-
tion with receptors are essential for the translocation of Hrs to the
membrane. The purity of the membrane fraction was assessed by
the detection of membrane-positive marker Na, K-ATPase in the
purified membrane fractions (Fig. 2B, second panel). Addition-
ally, the absence of the endoplasmic reticulum (ER) membrane
marker calnexin by Western blotting indicated that the fraction
was not contaminated with the internal membrane proteins (Fig.
2B, third panel). Western blotting of whole-cell lysate using Hrs
antibody showed no variation in the total Hrs protein level (Fig.
2B, bottom panel). The recruitment of Hrs to the plasma mem-
brane of the infected cells indicated that Hrs may be involved in
the initial stages of macropinosome formation and cytoplasmic
entry of the virus.

To further evaluate whether Hrs affects the cytoplasmic entry
of KSHV, we examined the localization of viral particles in control
and Hrs shRNA-transduced cells. Cells infected with KSHV for 30
min were stained with rhodamine-phalloidin for filamentous ac-
tin and KSHV gB to visualize the localization of KSHV. In control
cells infected with KSHV, virus particles were detected at the nu-
clear periphery by 30 min postinfection (p.i.), whereas in Hrs
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shRNA-transduced cells, the virus particles failed to enter the cells
and were found stuck at the cell surface (Fig. 2C). This result
indicated that there is a significant correlation between the mem-
brane recruitment of Hrs and the early stages of KSHV entry by
macropinocytosis.

Hrs localizes to the membrane by interacting with �-ac-
tinin-4 in the infected cells. Macropinocytosis is an actin-driven
process that depends on actin polymerization and membrane ruf-
fling (37). As membrane-associated Hrs affects the macropinocy-
tosis of KSHV, we rationalized that membrane localization may be
achieved through the interaction of Hrs with an actin binding
protein that is localized to the plasma membrane. It has been
shown that Hrs is a binding partner of �-actinin-4 (38), a cyto-
skeleton scaffolding protein that transiently associates with mac-
ropinosomes (39). Moreover, we have reported before that �-ac-
tinin-4 formed a complex with the membrane-associated proteins
EphA2, myosin IIA, and CIB1 in KSHV-infected cells (15). Since
�-actinin-4 primarily cross-links F-actin and forms an �-actinin-
4 –F-actin network surrounding macropinosomes, we hypothe-

sized that the interaction of �-actinin-4 with Hrs may localize Hrs
to the membrane and influence macropinosome formation. To
test this hypothesis, we first determined whether KSHV infection
results in the recruitment of �-actinin-4 to the membrane of in-
fected cells. Immunofluorescence analysis of uninfected and
KSHV-infected cells with �-actinin-4 and KSHV envelope glyco-
protein gpK8.1A antibody demonstrated that the virus particles
colocalize with �-actinin-4 at 10 min postinfection at the mem-
brane of infected cells (Fig. 3A). To evaluate whether �-actinin-4
and Hrs could associate with each other at the membrane, we
examined the colocalization of Hrs and �-actinin-4 in KSHV-
infected cells. Immunofluorescence analysis of uninfected cells
and cells infected with KSHV for 10 min demonstrated that Hrs
colocalizes with �-actinin-4 at the membrane of infected cells
(Fig. 3B).

To visualize that the interaction of �-actinin-4 with Hrs leads
to the recruitment of Hrs to the cell membrane of infected cells, we
used a proximity ligation assay (PLA) with antibodies against Hrs
and �-actinin-4. PLA enables the identification of the association

FIG 2 Localization of Hrs from the cytoplasm to the plasma membrane in KSHV-infected cells. (A) HMVEC-d left uninfected (UN) or infected with KSHV at
an MOI of 20 for 5, 10, and 30 min were fixed and incubated with anti-Hrs and anti-KSHV gB antibodies, followed by staining with secondary antibodies
conjugated to either Alexa 488 (green) or Alexa 594 (red). The boxed regions are enlarged below the images. Arrowheads indicate Hrs membrane localization,
block arrows indicate gB staining, and white arrows indicate Hrs and gB localization at different time points of infection. Magnification, �40. (B) HMVEC-d
infected with KSHV (MOI of 20) for the indicated times were fractionated into membrane and cytosolic fractions. The membrane fractions were Western blotted
with antibodies specific to Hrs, plasma membrane marker Na, K-ATPase, and endoplasmic reticulum (ER) marker calnexin. The bottom panel shows Western
blotting of total cell lysate with anti-Hrs antibody. (C) Localization of KSHV in control and Hrs knockdown HMVEC-d. Control and Hrs shRNA-transduced
HMVEC-d infected with KSHV for 30 min were subjected to immunofluorescence microscopy using anti-gpK8.1A (viral envelope glycoprotein) antibody for the
detection of KSHV and rhodamine phalloidin for F-actin staining. DAPI was used for nuclear staining. Arrows indicate areas where KSHV gpK8.1A staining was
observed. Magnification, �80.
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between two proteins which are located in close proximity (�40
nm). PLA for �-actinin-4 and Hrs association in uninfected and
KSHV-infected cells for 5, 10, and 30 min showed a notable dif-
ference between uninfected and infected conditions, with very
distinct punctate fluorescent signals at the plasma membrane of
infected cells, indicating that Hrs and �-actinin-4 are located in
close proximity. On the other hand, in uninfected cells, we ob-
served a few Hrs–�-actinin-4 PLA dots which were diffusely dis-
tributed in the cytoplasm (Fig. 3C). To confirm their association,
we assessed the interaction between �-actinin-4 and Hrs by coim-
munoprecipitation analysis. As shown in Fig. 3D, immunopre-
cipitation of the uninfected and infected cell lysates with anti-�-
actinin-4 antibody and Western blotting with anti-Hrs antibody
confirmed the increased interaction between �-actinin-4 and Hrs
at 5, 10, 15, and 30 min postinfection. However, heparin-treated

virus-infected cells decreased �-actinin-4 and Hrs interaction,
which demonstrated the specificity of KSHV-induced interaction
between these two proteins (Fig. 3D, lane 6). Based on this obser-
vation, we concluded that �-actinin-4 and Hrs are both localized
to the membrane and that �-actinin-4 is the molecule linking Hrs
with the plasma membrane of KSHV-infected HMVEC-d.

Hrs facilitates macropinocytosis by recruiting ROCK1 to the
plasma membrane of KSHV-infected cells. To define the under-
lying mechanism of Hrs function in macropinocytosis, we hy-
pothesized that the interaction between �-actinin-4 and Hrs at the
plasma membrane could function by orchestrating the sequential
steps involved in macropinocytosis with other cytoskeletal mole-
cules. It has been demonstrated that during the early stages of
KSHV entry, RhoA GTPase induces reorganization of the actin
cytoskeleton to initiate entry by coordinating integrin-activated

FIG 3 Translocation of Hrs to the plasma membrane is mediated by interaction with �-actinin-4. (A) Colocalization of �-actinin-4 and KSHV gpK8.1A.
HMVEC-d were infected with KSHV for 10 min, and the colocalization of �-actinin-4 and KSHV gpK8.1A in the infected and uninfected cells was
analyzed by costaining with anti-�-actinin-4 and anti-gpK8.1A antibodies. Arrows indicate the localization of gpK8.1A and �-actinin-4 in the infected
cells. Magnification, �80. (B) Immunofluorescence colocalization of Hrs and �-actinin-4. HMVEC-d infected with KSHV for 10 min were stained with
anti-Hrs and anti-�-actinin-4 antibodies and visualized by incubation with secondary antibodies conjugated to Alexa 594 (red) or Alexa 488 (green).
Colocalization of Hrs and �-actinin-4 (yellow) is indicated by arrows. Nuclei were stained with DAPI. Magnification, �80. (C) Proximity ligation assay
(PLA) showing the association of �-actinin-4 and Hrs. HMVEC-d were infected with KSHV for different times, the infected cells were fixed and incubated
with anti-Hrs and anti-�-actinin-4 antibodies, and PLA was performed using oligonucleotide-conjugated PLA probes. PLA signals indicating the
association between Hrs and �-actinin-4 were observed as red dots by fluorescence microscopy. Nuclear staining was performed with DAPI. Magnifica-
tion, �40. (D) HMVEC-d were infected with KSHV for 5, 10, 15, and 30 min or with heparin (100 �g/ml)-treated KSHV for 10 min. The cell lysates were
then subjected to immunoprecipitation (IP) with anti-�-actinin-4 antibody followed by Western blotting with anti-Hrs antibody. The bottom panel
shows the immunoprecipitated �-actinin-4 band.
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FAK, Src, and PI3-K pathways (40). Among the various down-
stream members of RhoA GTPases, the serine/threonine kinase
ROCK1 has been shown to play a key role in RhoA-induced actin
reorganization by phosphorylating myosin light chain (MLC) (41,
42). However, it was not known whether ROCK1 localizes to the
plasma membrane of KSHV-infected cells. As Hrs localization to
the membrane is a critical component of macropinocytosis, we
speculated that Hrs might participate in cytoskeletal reorganiza-
tion and macropinocytosis, possibly by recruiting ROCK1 to the
plasma membrane.

In order to test this hypothesis, we first investigated the mem-
brane localization of ROCK1 upon KSHV infection. Uninfected
cells and cells infected with KSHV for 5 and 10 min were incu-
bated with anti-ROCK1 and anti-KSHV-gB antibodies and ana-
lyzed by immunofluorescence microscopy. Compared to the cy-
toplasmic distribution in the uninfected cells, the analysis of
ROCK1 localization in KSHV-infected cells indicates that ROCK1
is highly localized to the membrane at 5 and 10 min postinfection
(Fig. 4A). This result suggested that KSHV infection is capable of
directing ROCK1 to the membrane. To examine whether Hrs reg-

ulates the membrane localization of ROCK1 upon KSHV infec-
tion, we performed proximity ligation assay. Uninfected and in-
fected cells analyzed with PLA using anti-Hrs and anti-ROCK1
antibodies showed increased red fluorescent dots at the mem-
branes of the cells infected with KSHV at 5 and 10 min, indicating
the association of Hrs and ROCK1 at the membrane periphery
(Fig. 4B). To verify the physical interaction between Hrs and
ROCK1 in the infected cells, we performed a coimmunoprecipi-
tation analysis. HMVEC-d infected with KSHV for 5 and 10 min
were immunoprecipitated with anti-Hrs antibody and Western
blotted with anti-ROCK1 antibody. Immunoprecipitation of Hrs
resulted in increased coprecipitation of ROCK1 at 5 and 10 min
p.i. compared to that in the uninfected cells (Fig. 4C). However,
the negative-control heparin-treated virus-infected cells had con-
siderably reduced interaction of Hrs with ROCK1 (Fig. 4C), indi-
cating the specificity of virus-induced interaction between Hrs
and ROCK1.

To investigate whether Hrs is indeed responsible for the mem-
brane localization of ROCK1, we examined the membrane local-
ization of ROCK1 in Hrs knockdown cells infected with KSHV.

FIG 4 Hrs facilitates recruitment of ROCK1 to the plasma membrane of infected cells. (A) Membrane localization of ROCK1 in KSHV-infected cells. HMVEC-d
infected with KSHV for 5 and 10 min were incubated with anti-ROCK1 and anti-KSHV gpK8.1A antibodies. Localization of ROCK1 and gpK8.1A was analyzed
by staining with Alexa 488- or Alexa 594-conjugated secondary antibodies. Arrows indicate gpK8.1A and ROCK1 localization at different times of infection. The
differential interference contrast (DIC) image shown in the bottom panels corresponds to the fluorescence image. Magnification, �80. (B) Colocalization of Hrs
and ROCK1 visualized by in situ proximity ligation assay. Uninfected and KSHV-infected cells were subjected to PLA using a mouse anti-Hrs antibody and a
rabbit anti-ROCK1 antibody. Nuclei were stained with DAPI. White arrows indicate fluorescent red dots representing the interaction between ROCK1 and Hrs.
The corresponding DIC images are shown in the rightmost panels. Magnification, �80. (C) Hrs interacts with ROCK1 in KSHV-infected cells. HMVEC-d were
infected with KSHV for 5 and 10 min or with heparin-treated (100 �g/ml) KSHV for 10 min, and the cell lysates were immunoprecipitated with anti-ROCK1
antibody, followed by anti-Hrs or anti-ROCK1 immunoblotting. (D) Western blot showing the membrane association of ROCK1 in control and Hrs shRNA-
transduced cells. Control and Hrs shRNA-transduced cells were infected with KSHV for 5 and 10 min, and the plasma membrane fractions of uninfected and
infected cells were isolated and analyzed by Western blotting with antibodies for ROCK1, Hrs, and the plasma membrane marker Na, K-ATPase.
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Control and Hrs knockdown cells infected with KSHV for 5 and
10 min were subjected to subcellular fractionation, and the mem-
brane fractions were analyzed by Western blotting for ROCK1 and
Hrs. As expected, ROCK1 and Hrs were present in the membrane
fractions in control cells infected with KSHV (Fig. 4D, top and
middle panels, lanes 2 and 4). In contrast, Hrs knockdown re-
sulted in a considerable decrease in the recruitment of ROCK1 to
the membrane (Fig. 4D, top and middle panels, lanes 3 and 5).
Equal loading was verified by Western blotting with Na, K-ATPase
antibody (Fig. 4D, bottom panel). This result confirmed that Hrs
is crucial for the localization of ROCK1 to the plasma membrane
of KSHV-infected cells.

ROCK1 promotes the entry of KSHV by phosphorylating its
downstream molecule MLC. To determine the functionality of
plasma membrane-associated ROCK1 in the infected cells, we ex-
amined the serine phosphorylation kinetics of ROCK1 in unin-
fected and KSHV-infected HMVEC-d. Compared to that in the
uninfected cells, immunoprecipitation with ROCK1 and Western
blotting with phosphoserine (p-serine) analysis showed increased
serine phosphorylation of ROCK 1 at 5, 10, and 30 min p.i. in the
infected cells (Fig. 5A, lanes 1 to 4). Since Hrs promotes the mem-
brane association of ROCK1 in the infected cells, we next analyzed
whether Hrs silencing decreases the phosphorylation of ROCK1.
Control and Hrs shRNA-transduced cells were infected with
KSHV for 5 and 10 min, and the cell lysates were immunoprecipi-
tated with anti-ROCK1 antibody and blotted with p-serine anti-
body. As shown in Fig. 5B, Hrs knockdown resulted in consider-
able reduction in the phosphorylation of ROCK1 at 5 and 10 min

p.i. (Fig. 5B, lanes 3 and 5) compared to the control cells (Fig. 5B,
lanes 2 and 4). The increased phosphorylation of ROCK1 suggests
that the downstream signaling pathways of ROCK1 are probably
required for the entry of KSHV. We next determined whether the
activation of ROCK1 affects the entry of KSHV. HMVEC-d were
pretreated with different concentrations (50 �g/ml and 100 �g/
ml) of the ROCK1-specific inhibitor Y-27632, followed by infec-
tion with KSHV for 2 h. After infection, cells were harvested, total
DNA was isolated, and the entry of KSHV was determined by
ORF73 gene-specific PCR. Notably, the ROCK1 inhibitor signifi-
cantly blocked the entry of KSHV in a dose-dependent manner
(Fig. 5C), which reinforces that the downstream signaling path-
ways of ROCK1 may be essential for the macropinocytosis of
KSHV.

It has been demonstrated that the activation of ROCK1 is es-
sential for equine herpesvirus 1 infection (43), and ROCK1 medi-
ates the downstream signaling molecules by activating its imme-
diate downstream molecule MLC (41, 42). We have previously
shown that KSHV induces phosphorylation of MLC and that
phosphorylated MLC is required for the actomyosin contractility
that drives the process of bleb retraction and macropinocytosis of
KSHV (18). To determine whether ROCK1 is required for KSHV-
induced MLC phosphorylation, untreated and ROCK1-specific
inhibitor Y-27632-treated HMVEC-d were infected with KSHV
for 10 min, and MLC phosphorylation was determined by West-
ern blotting. A significant decrease in MLC phosphorylation in the
inhibitor-treated cells compared to the untreated cells (Fig. 5D)
suggested the involvement of ROCK1-mediated MLC phosphor-

FIG 5 KSHV-induced ROCK1 plays a role in the entry of KSHV. (A) Control and Hrs shRNA-transduced HMVEC-d were infected with KSHV for 5, 10, and
30 min, and the cell lysates were subjected to immunoprecipitation with anti-ROCK1 antibodies followed by Western blotting with antiphosphoserine antibody.
Total cell lysates subjected to Western blotting using anti-ROCK1 antibody were used as loading control. (B) Control and Hrs shRNA-transduced HMVEC-d
were infected with KSHV for 5 and 10 min, and the cell lysates were immunoprecipitated with antiphosphoserine antibody, followed by Western blotting with
an antibody against ROCK1. The bottom panel shows total cell lysates subjected to Western blotting with anti-ROCK1 antibody. (C) The ROCK1 inhibitor
Y-27632 blocks the entry of KSHV. HMVEC-d pretreated with different concentrations of Y-27632 for 1 h were infected with KSHV (MOI of 20) for 2 h. Cells
were harvested, total DNA was isolated, and the KSHV ORF73 copy numbers were estimated by real-time DNA PCR. Error bars represent SD for three
independent experiments. **, P � 0.001 compared with untreated cells. (D) HMVEC-d were pretreated with either vehicle alone (DMSO) or the ROCK1
inhibitor Y-27632 for 1 h and then infected with KSHV at an MOI of 20 in the presence or absence of inhibitors. The cell lysates were blotted with antibodies
against phospho-MLC (p-MLC) or total MLC (T-MLC). (E) Western blot analysis of phospho-MLC in uninfected and KSHV-infected control shRNA- and Hrs
shRNA-transduced HMVEC-d. The bottom panel shows a Western blot for total MLC.
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ylation in the infected cells. As Hrs is a molecule that localizes
ROCK1 to the membrane, we next examined whether Hrs regu-
lates the phosphorylation of MLC through ROCK1. Control and
Hrs shRNA-transduced cells infected with KSHV and Western
blotted for p-MLC showed that in the absence of Hrs, ROCK1 was
unable to promote the phosphorylation of MLC in KSHV-in-
fected cells (Fig. 5E). These results demonstrated that the coordi-
nated activities of the Hrs-ROCK1 interaction may play a crucial
role in mediating the phosphorylation of MLC and thereby acto-
myosin contraction and macropinocytosis of KSHV.

Interaction of ROCK1 with NHE1 increases its phosphoryla-
tion and intracellular pH in KSHV-infected cells. Based on the
above-described studies, it is clear that macropinocytosis of KSHV
in HMVEC-d is characterized by Hrs-ROCK1-mediated cytoskel-
etal reorganization and actomyosin contraction. In addition to
this, alterations in submembranous intracellular pH have been
shown to be associated with macropinocytosis (44). Our previous
studies have shown that the inhibition of NHE1, an Na	/H	 ex-
changer and regulator of intracellular pH, by its inhibitor ethyl-
isopropyl amiloride (EIPA) blocked macropinocytosis of KSHV
but not clathrin-mediated endocytosis (16). The inhibition of
KSHV entry by EIPA reveals that intracellular pH is a key player in
the regulation of macropinocytosis. It has been reported that

NHE1 functions downstream of integrin receptors and a subset of
membrane-associated molecules which includes RhoA and
ROCK1 (45–47). Therefore, we speculated that KSHV through
engagement of integrin receptors activates ROCK1 in the infected
cells and that the activated ROCK1 may associate with NHE1 to
increase its phosphorylation and intracellular pH required for the
macropinocytosis of KSHV.

To understand the involvement of ROCK1-NHE1 function
in the KSHV entry process, we first examined the serine phos-
phorylation of NHE1 in KSHV-infected cells. We observed that
the HMVEC-d infected with KSHV exhibited a rapid but tran-
sient increase in NHE1 serine phosphorylation at 5 and 10 min,
which returned to basal levels by 30 min p.i. (Fig. 6A, lanes 2 to
4). Cells infected for 10 min with heparin (100 �g/ml)-treated
KSHV were used as negative control (Fig. 6A, lane 5). These data
provide the evidence that signaling through ROCK1 might stim-
ulate the phosphorylation of NHE1 in the infected cells. To inves-
tigate the involvement of Hrs in ROCK1-mediated activation of
NHE1, we analyzed the interaction of ROCK1 with NHE1 in con-
trol and Hrs shRNA-transduced cells infected with KSHV. Immu-
noprecipitation of the cell lysates with ROCK1 and Western blot-
ting with NHE1 showed that NHE1 coimmunoprecipitated with
ROCK1 in both control and Hrs shRNA-infected cells; however,

FIG 6 ROCK1 interacts with and phosphorylates NHE1 in KSHV-infected cells. (A) Kinetics of NHE1 phosphorylation in KSHV-infected cells. HMVEC-d were
left uninfected or infected with KSHV at an MOI of 20 for 5, 10, and 30 min or with heparin (100 �g/ml)-treated virus for 10 min, and the cell lysates were
immunoprecipitated with antiphosphoserine antibody, followed by Western blotting with anti-NHE1 antibody. The bottom panel shows total cell lysates
Western blotted with anti-NHE1 antibody. (B) Control and Hrs shRNA-transduced HMVEC-d were infected with KSHV for 5 and 10 min, and the uninfected
cell lysates were immunoprecipitated using anti-ROCK1 antibody, followed by Western blotting with anti-NHE1 antibody. Heavy chain is shown to verify equal
loading. (C) HMVEC-d left untreated or treated with vehicle DMSO or Y-27632 for 1 h were infected with KSHV for 5 min, and the cell lysates were
immunoprecipitated with anti-ROCK1 antibody and Western blotted with anti-NHE1 antibody. The bottom panel shows the membrane stripped and reprobed
with anti-ROCK1. (D) PLA showing the interaction between NHE1 and ROCK1 in the membrane of blebs. Uninfected and KSHV-infected HMVEC-d were
fixed, permeabilized, blocked, and probed with antibodies to Hrs and ROCK1. Interaction of Hrs and ROCK1 in the infected cells was visualized by the red
fluorescence dots (white arrows) using immunofluorescence microscopy. DAPI was used for nuclear staining. Magnification, �80.
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the interaction between NHE1 and ROCK1 was much more pro-
nounced in the control cells infected with KSHV (Fig. 6B, lanes 2
and 4) than in the Hrs shRNA-infected cells (Fig. 6B, lanes 3 and
5). To verify the involvement of ROCK1 in NHE1 activation, we
examined the effect of ROCK1 inhibitor on the KSHV-induced
interaction between ROCK1 and NHE1. ROCK1 inhibitor treat-
ment resulted in a weak interaction between NHE1 and ROCK1 in
the infected cells compared to the untreated and dimethyl sulfox-
ide (DMSO) vehicle-treated cells (Fig. 6C), indicating that
ROCK1 has a distinct role in regulating NHE1 activity at the mem-
brane of KSHV-infected cells. To further analyze whether KSHV
infection enhances ROCK1 and NHE1 accumulation at the mem-
brane of blebs, proximity ligation assay was performed in HM-
VEC-d infected with KSHV for 5 and 10 min. Punctate red fluo-
rescent signals indicating the association of NHE1 and ROCK1
were observed at the bleb membrane (Fig. 6D) at 5 and 10 min,
suggesting the involvement of these two proteins in bleb-associ-
ated macropinocytosis.

As our studies demonstrated the simultaneous interaction of
three proteins, i.e., Hrs, ROCK1, and NHE1, we next examined
whether Hrs affects the localization of NHE1 and thus the regula-

tion of pH in the infected cells. The cellular localization of endog-
enous NHE1 was examined by immunofluorescent labeling in
control and Hrs shRNA-transduced cells infected with KSHV. In
control shRNA-transduced cells, at 5 min p.i., NHE1 was detected
at the membrane boundary of blebs, which is the first phase asso-
ciated with bleb-associated macropinocytosis of KSHV. In con-
trast, NHE1 accumulation was not detected in Hrs shRNA-trans-
duced cells (Fig. 7A). This indicates that Hrs mediates the
ROCK1-NHE1 interaction and their accumulation at the blebs,
which may regulate an increase in submembranous pH during
macropinocytosis of KSHV. To determine whether Hrs regulates
ROCK1-mediated NHE1 activation and an increase in intracellu-
lar pH, we analyzed the intracellular pH change in control and Hrs
shRNA-transduced cells infected with KSHV. Control and Hrs
shRNA-transduced cells were loaded with the fluorescent probe
BCECF-AM, followed by infection with KSHV for 2, 5, and 10
min, and the relative fluorescence was assessed by analyzing the
fluorescent signals. Our results demonstrate that the BCECF flu-
orescence signal was gradually increased at 2, 5, and 10 min p.i. in
control cells infected with KSHV (Fig. 7B), indicating an increase
in intracellular pH. However, Hrs shRNA-transduced cells in-

FIG 7 Hrs shRNA inhibits NHE1 association with membrane blebs and intracellular pH in the infected cells. (A) Control and Hrs shRNA-transduced HMVEC-d
infected with KSHV for 5 min were incubated with anti-NHE1 antibody and observed by using Alexa 488-conjugated secondary antibody. Nuclei were stained
with DAPI. The right panels are the enlarged view of the boxed areas. Arrows indicate localization of NHE1 to membrane blebs. Magnification, �40. (B) Hrs
shRNA decreases intracellular pH in the infected cells. Untransduced and Hrs shRNA-transduced cells loaded with BCECF-AM were infected with KSHV at an
MOI of 20 for 2, 5, and 10 min. The intracellular pH change was detected by measuring the BCECF fluorescence using a microplate reader with excitation at 485
nm and emission at 528 nm. **, P � 0.001; ***, P � 0.0001 (compared with untransduced cells). (C) Model diagram depicting the function of Hrs in KSHV entry.
KSHV infection induces the recruitment of Hrs to the membrane of infected cells via �-actinin-4, an actin cross-linking protein. The interaction of Hrs with
ROCK1 during infection facilitates the membrane association of ROCK1. As was previously shown, simultaneously the interaction of KSHV with host cell surface
receptors may facilitate signaling of RhoA via a PI3-K cascade. RhoA mediates the activation of ROCK1, which can contribute to phosphorylation of MLC,
leading to macropinocytosis of KSHV. Concurrent interaction of ROCK1 with NHE1 and activation of NHE1 may increase the pH locally at the sites of
macropinosome formation, and the increased pH may promote macropinocytosis of KSHV.
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fected with KSHV exhibited significantly lower fluorescence sig-
nals at different time points of infection (Fig. 7B). This result
suggested that Hrs is involved in triggering the NHE1-mediated
pH increase in the infected cells during macropinocytosis of
KSHV. Overall, our functional studies demonstrate that Hrs-me-
diated ROCK1 localization at the membrane not only phospho-
rylates MLC but is also able to associate with NHE1 to increase the
submembranous intracellular pH and facilitate the macropinocy-
tosis-mediated entry of KSHV.

DISCUSSION

Hrs, a member of the family of ESCRT proteins, plays a significant
role in cargo sorting at the level of the early or late endosome and
in intracellular trafficking and signal transduction (24, 25, 28, 48).
Besides its cytoplasmic distribution and distinct function in endo-
somal transport, Hrs has been identified at the membrane of some
cell types, such as T cells and macrophages (49), where macropi-
nocytosis is a constitutively active process. However, there have
been no systematic studies to determine the relationship between
the events that drive the process of macropinocytosis and Hrs
functions at the membrane in any system. The results of our pres-
ent study for the first time show that during macropinocytosis of
KSHV, Hrs localizes to the plasma membrane and the membrane-
associated Hrs facilitates assembly of signaling molecules, mac-
ropinocytosis, and virus entry. Inhibition of this pathway by Hrs
shRNA resulted in decreased entry and gene expression of the
virus, suggesting that Hrs is a key element in the early stage of
macropinocytosis of KSHV. We therefore carried out a detailed
analysis of the subcellular localization and functional significance
of Hrs in macropinocytosis-mediated entry of KSHV.

In endothelial cell entry, KSHV utilizes bleb-associated mac-
ropinocytosis, a unique mechanism that allows successful entry
and infection of the virus (16, 18). KSHV entry is initiated by
binding to the cell surface heparan sulfate receptor. After the ini-
tial attachment, the virus interacts with specific entry receptors
which include integrin molecules �3�1, �V�3, �V�5, and �9�1,
the amino acid transporter x-CT protein, and EphA2 (1–6). Inter-
action of KSHV with the receptors activates a sequence of intra-
cellular signaling proteins such as FAK, Src, and PI3-K (8–10)
(Fig. 7C). Phosphorylation of these proteins orchestrates mem-
brane organization and dynamics through remodeling of cyto-
skeleton and thus facilitates the entry by macropinocytosis (8–10).
Previous studies have reported that during macropinocytosis,
PI3-K binds to �-actinin-4, forms an actinin-4 –F-actin network
surrounding macropinosomes, and regulates the morphological
changes associated with macropinosome formation (39, 50). Our
current studies showed that �-actinin-4 was able to localize Hrs to
the membrane and that the recruitment of Hrs to the membrane
of infected cells provides a connection between the regulators of
cytoskeleton remodeling and macropinocytosis (Fig. 7C). Hrs is
well known for its function in cytoplasmic transport; however,
translocation of Hrs from the cytoplasm to the membrane indi-
cates that Hrs regulates a different set of molecules and exerts
different cellular functions in the context of KSHV infection.
Since Hrs has multiple domains for protein-protein interaction,
Hrs might form a multicomponent signaling domain and take
part in macropinosome formation by linking a series of signaling
pathways.

In bleb-associated macropinocytosis of KSHV, formation of
blebs takes place through bulging of the plasma membrane and its

retraction by forming a macropinosome which contains KSHV
(18). It has been demonstrated that PI3-K activation upon KSHV
infection is involved in cytoskeletal reorganization and the regu-
lation of macropinocytosis via its downstream molecule RhoA
GTPase. KSHV-dependent activation of RhoA GTPase plays ac-
tive roles in cytoskeletal dynamics and clathrin-dependent endo-
cytosis of KSHV in HEK 293 cells as well as macropinocytosis of
KSHV in endothelial cells (40, 51). Signaling from RhoA to the
cytoskeleton is regulated through Rho-associated protein kinase
ROCK1, an important downstream effector of RhoA GTPase (52,
53). ROCK1 has been found to phosphorylate MLC and facilitate
bleb retraction and macropinocytosis (54, 55). Although ROCK1
is known to be an upstream regulator of MLC phosphorylation,
no direct interaction of these two proteins has been observed pre-
viously in KSHV macropinocytosis. Our finding that Hrs localizes
ROCK1 to the plasma membrane and thereby leads to the RhoA-
mediated activation of ROCK1 shows one of the critical events
required for blebbing and bleb retraction (Fig. 7C). The localiza-
tion of Hrs coincides with the accumulation of ROCK1 at the cell
membrane and provides a mechanism by which Hrs and ROCK1
coordinately control bleb-associated macropinocytosis through
MLC phosphorylation and actomyosin contraction. This result
extends our previous findings and confirms that the activation of
RhoA and the downstream components of RhoA is required for
successful entry of the virus.

In addition to cytoskeletal dynamics, the process of blebbing
and macropinosome formation also requires other aspects of
membrane dynamics, which include an increase in submembra-
nous pH (44). We identified that the membrane-associated
ROCK1 interacts with NHE1 and that NHE1 activation increases
intracellular pH, which has been suggested to promote macropi-
nocytosis. It was previously demonstrated that the NHE1 inhibi-
tor EIPA inhibits macropinocytosis and entry of KSHV (16). Al-
though the effect of NHE1 inhibitor EIPA on macropinocytosis
has been recognized, how the inhibitor regulates the process of
macropinocytosis was not reported previously. EIPA-induced in-
hibition appeared to be mediated through the inhibition of
Na	/H	 exchanger activity and altered cytosolic pH. It has been
reported that during macropinocytosis, Na	/H	 exchanger activ-
ity increases submembranous pH and facilitates macropinocyto-
sis (44). In agreement with that report, the results of our present
study demonstrate that KSHV infection induces NHE1 activity
and increases the cytosolic pH, which suggests that both macropi-
nocytosis and entry of KSHV are regulated by NHE1. As NHE1 is
a regulator of intracellular pH, a long-term activation of this mol-
ecule may lead to several unfavorable effects in the intracellular
environment. A transient increase in phosphorylation for a short
period in our study reveals that it exhibits a modest level of pH
change required for cell surface modifications during the initial
stages of macropinosome formation. Thus, we confirmed our pre-
vious findings and also established that NHE1 regulates the sub-
membranous intracellular pH change at the plasma membrane
that is essential for the macropinocytosis of KSHV, which pro-
vides further progress in our understanding of the specific role of
NHE1 in KSHV macropinocytosis.

We also demonstrated that the localization of Hrs and the ac-
cumulation of ROCK1 at the cell membrane are needed for the
activation of NHE1 and intracellular pH regulation during mac-
ropinocytosis. Hrs shRNA inhibited the activation of Na	/H	

through ROCK1, suggesting the regulatory activity of Hrs on these
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two proteins. These studies suggest that Hrs is a significant com-
ponent in positioning signaling molecules at the membrane and in
coordinating the signal pathways to regulate the cytoskeletal and
membrane dynamics during macropinocytosis. The results of the
present study also show that Hrs interacts with KSHV in the cyto-
plasm at 30 min p.i., as evidenced by the colocalization of KSHV
glycoproteins with Hrs in Fig. 2A. As Hrs plays a role in the re-
cruitment and assembly of the ESCRT complex on the endosomal
membrane (24, 25), the formation of an ESCRT complex with
ESCRT-I, -II, and -III proteins may be involved in endosome
movement, fusion of the virus with the endosomal membrane, or
the delivery of viral DNA into the nucleus. Further studies are
required to understand the interaction of Hrs with other ESCRT
proteins as well as to understand how they promote the various
events involved in the entry and trafficking of the virus. In con-
clusion, our study demonstrates that during KSHV infection, Hrs
changes its subcellular distribution between the cytosol and
plasma membrane, which is important for coupling membrane
dynamics to the cytosolic signaling events that happen during
macropinocytosis. Additionally, the localization of Hrs to the
membrane and the associated activities of ROCK1 and NHE1 reg-
ulate the morphological changes and intracellular dynamics for
the macropinocytic entry of KSHV.
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